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Chapter 6 Nuclear Energy Levels

The nucleus, like the atom, has discrete energy levels whose location and properties
are governed by the rules of quantum mechaiiias.locations of the excitestates differ
for eachnucleus.The excitationenergy,E,, depends orthe internal structure oéach
nucleus.Each excited state is characterized by quamtumbersthat describe its angular
momentum, parity, and isospin (seleapter5). Figure 6-1shows a few othe excited
states of thé*C nucleus.
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Fig. 6-1. Energy level diagram of some of the excited states &iGhmucleus. The angular momentud,
parity (P), and isospinT) quantum numbers of the states are indicated on the left using the ndtatin
The separatiornergies for groton and aneutronare indicated byp andn respectively at théop of the
diagram.

The angular momentum quantum numiers the integer or half-integéhnat is the
measure of the total angular momentum of the energy statatsof 7 (Planck’s constant

h divided 2)
angular momentum & 7 .

The parity, P, of a nuclear energlevel is a statemerdbout whatthe nuclear

structure of the stateould look like if the spatialcoordinates ofall the nucleons were
reversedP = + means the reversed state would ldak same as the origind;= - means
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the reversed state differs from the original. The isospin (projection) quantum ndmkser,
an integer or half-integer thaheasures a propertat results if neutron and proton
coordinates were interchanged. Figure 6-1 shows these quantum néonleash excited

state in the notatiod”, T. These quantum numbeageresults ofthe basic symmetries of
the underlying force law that governs the binding of nucleons in a nud@lee.determine

how anexcited state will decay into another state in the santeus(gamma decay) or
into a specific state in a different nucleus (beta or alpha decay).

Analyzing the interactions among many nucleonsaloulate theenergy levels and
their properties is aomplicated mathematicdbsk. Instead,nuclear scientists have
developed several nuclear modéist simplified thedescription thenucleus and the
mathematical calculations. These simpler models still preserve thefeatires of nuclear
structure.

The Shell Model

One such nodel is the Shell Mdel, which account$or many features of the
nuclear energy levels. According to this model, the motioeasch nucleon igoverned by
the average attractive force of all the other nucleons. The resulting orbits form “shells,” just
as the orbits of electrons in atoms do. As nucleons are adtiegirtocleus,they drop into
the lowest-energy shelfgermitted by the Pauli Principlehich requireghat each nucleon
have a unique set of quantum numbers to describe its motion.

Protons Neutrons

Fig. 6-2. Shellmodel energy diagram dhe orbitals of protonandneutrons in*?C groundstate. The
arrows on individual nucleons denote jpinsstate.

When a shell is full (that is, when the nucleons have used upthi pbssible sets
of quantum numbeassignments), a nucleus of unusstability forms. This concept is
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similar to that found in an atom where a filled set of electron quantum numbers results in an
atom with unusual stability—an inert gas. When all the protons or neutrons in a nucleus are
in filled shells, the number of protons or neutrons is called a “magic number.” Some of the
magic numbers are 2, 8, 20, 28, 50, 82, and 126. For exalt{8ia,has anagicnumber

of protons (50) and*Fe has anagic nunber of neutron§28). Some nuclei, foexample

4%Ca and?°®Pb, have magicnumbers of both protons and neutrotfese nuclei have
exceptional stability and arealled “doubly magic.” Magic numbersare indicated on the

chart of the nuclides.

Filled shells have a total angular momentuimequal tozero. The next added
nucleon (a valence nucleon) determines Xre&f the new ground state. When nucleons
(singly or in pairslare excitecout of thegroundstate they change the angular momentum
of the nucleus as well as its parity ambspin projection quantunmumbers.The shell
model describes how much energy is required to move nucleons from one orbit to another
and how the quantummumbers change. Figure 6sBows arenergy diagram of the two
filled shells of the ground state tiC. Promotion of a nucleon orpair of nucleons to an
unfilled shell puts the nucleus into one of the excited states shown in Fig. 6-1.
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Fig. 6-3. Transitions between discrete gydevels in A = 12 nuclei. The erris given in MeV.

Excited nuclear states decay to more stable staesnore stable nucleon orbitals.
Measuring transition rates between nuclear energy levels regpeeglizedalpha, beta,
andgamma detectorand associated electronic circuitry to precisely determine the energy
and half-life of thedecay.Quantum mechanicand shell-model theory permit nuclear
scientists to computte transition probability (rate of decay) between nuddtates. For
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nuclei whosestructure can be described by a small numbevaténcenucleons outside
filled shells, the Shell Model calculations agree very well with measured values of spin and
parity assignments and transition probabilities.

An example of transitions between a nucleus’s enkeggls isshown in Fig.6-3.
The ground states of?B (5 protons, 7 neutrongnd 12N (7 protons, 5 neutrons) are
related to each othend to thel5.1 MeV state in'°C. Eachhas anucleon in the third
energy level shown in Fig. 6-2, each has the quantum nurbgrand each decays to the
ground state of carboffhe boron andnitrogenbeta decaymit an e and é respectively.
The 15.1 MeV state in carbon decaysgaynmaemission.The shell model calculations of
these transition probabilities agree quite well with the measured rates even though different
decay mechanisms are at work in each case. Nuclear theorists keep refining tmediell
to understandhe details of nuclear structure and take thatknowledge available for
applications in nuclear technology.

The Collective Model

In addition to individual nucleons changing orbitscteate excitecgtates of the
nucleus as described by the Shell Model, there are nuclear trangiadbmsvolve many (if
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Fig. 6-4. Rotational states &fU. The energy is given in MeV.
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not all) of the nucleons. Since these nucleons are acting togétieproperties arealled
collective, and their transitiorere described by €ollective Model of nucleastructure.
High-mass nuclei have low-lying excited states that are described as vibrations or rotations
of nonspherical nuclei. Many of these collective properties are similar to thogetafiag

or vibrating drop of liquid, and in its early development the Collective Model was called the
Liquid-Drop Model. The first importantapplication of the Liquid-Drop modetas in the
analysis of nucleafission, in which a massive nucleus splits intawwo lower-mass
fragments. The.iquid Drop Model calculates aenergy barrier tdission as a sum of the
repulsive Coulomb forces betwedre protons ofthe nucleus andhe attractivesurface
tension ofthe skin of the “liquid drop” nucleus. Ifthe barrier idow enoughthe nucleus
might fission spontaneously. Fdrigher barriers, ittakes a nuclear reaction to induce
fission.

Figure 6-4 shows the energy level$#U. The quantum numbers, level spacings,
and gammaray transition probabilities identify these levels as rotational states of a
nonsphericahucleus.Nuclei showing collective properties arausually those wittmany
valencenucleonsthatis, those with proton or neutron numbergt are farfrom filled
shells. As with the Shell Model, the Collective Model permitsctileulation ofspin-parity
assignments and transition probabilitibst are ingood agreementwith the measured
properties of collective nuclei.

Measuring Energy Levels

Using accelerators to make nuclear reacti(gee Chapter), scientists carcreate
nuclei which have very high angular momentum. Nuclei respond to this rotation, which can
be as fast as a hundrbdlion billion revolutions persecond, in aich and variedwvay.
These nuclelose some of theiexcitation energy and almosall of the initial angular
momentum by themission ofgammarays. The gammaay flash is finished in leshan
10° seconds, during which 30 or more gamma rays can be emitted.

A number of preferregpathways inthe de-excitatiorprocess occufThey relate to
favorable arrangements pfotons and neutrons awdn often be associat&dth specific
symmetries or nuclear shapes. If a sufficient fractiothefdecayflows down aparticular
guantized pathway drand,then the associated structure becomemiable and can be
studied in detail. Scientists have recently baiitays of over 100 gamma rdgtectors to
study the details of some of these npaghways.Onesucharray is Gammasphershown
in Figure 6-5. Gammaspheravas built by groups fromLawrence Berkeley National
Laboratory, ArgonneNational Laboratory, andOak Rdge NationalLaboratory. It was
used at Berkeley Lab’s 88-Inch Cyclotror two years beforéeing moved téArgonne.
During its tenure in Berkeley, many exciting discoveries were made, including:

1. Detailsof superdeformatioin nuclei Superdeformation occurs wheoantum
shell effects help stabilize a footbahape (2:1 axis ratio) imertain nuclei.
Superdeformed nucleprevalent in severalegions ofthe chart of thenuclides,
have been found to display some amazing properties.
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2. lIdentical Bands. Scientists have discoverdbat sequences oten or more
identical photonsare associatedith different bands in neighboring nuclei. This
comes as a greaurprise; it has longeen believed that the gamma-myission
spectrum for a specific nucleus represents a unique fingerpxplainingidentical
bands is now in the hands of shell model theoreticians.

3. Magnetic Rotation. Magneticrotation occurs in nearly spherical nuclei. It is
characterized by sequences of gamma-rays reminiscent of collective rotational bands
but with a quite different charactelamely, each photon carriesoff only one

(rather thartwo) units ofangular momentum and couplestt® magnetic rather

than electric properties of threicleons. This is a new form gliantalrotor that is

not fully understood at present.

Figure 6-5. One hemisphere of the Gammasphere detector array.

Now Gammasphere has been moved to Argonne National Laboratory wivére it
be exploring a newange of phenomena. In particularwitl investigate the structure of
nuclei farfrom the line ofstability. At Argonne, scientistare studyingthe fundamental
guestion: why certain combinations of protons and neutrons $taite nuclei while other
combinations daot. Inotherwords, it shoulchelp us understand what caudias limits
on the range of 270 stable isotopes that appear in the chart of the nuclides.



